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A B S T R A C T   

Taurine is an amino acid that has several physiological functions. Previously, we reported the apoptosis-inducing 
effect of taurine in human nasopharyngeal carcinoma (NPC) cells in vitro. However, the effect of taurine on NPC 
cell growth in vivo has not been elucidated. Autophagy plays an important role in cell metabolism and exhibits 
antitumor effects under certain conditions. In this study, we investigated the effects of taurine on apoptosis- and 
autophagy-related molecules in NPC cells in vitro and in vivo. In our in vitro study, NPC cells (HK1-EBV) were 
treated with taurine, and Western blot and immunocytochemical analyses revealed that taurine co-upregulated 
Beclin 1 and p53, with autophagy upregulation. In the in vivo study, we used a nude mouse model with sub-
cutaneous xenografts of HK1-EBV cells. Once the tumors reached 2–3 mm in diameter, the mice were provided 
with distilled water (control group) or taurine dissolved in distilled water (taurine-treated group) ad libitum (day 
1) and sacrificed on day 13. The volume and weight of the tumors were significantly lower in the taurine-treated 
group. Using immunohistochemistry (IHC), we confirmed that taurine treatment reduced the distinct cancer nest 
areas. IHC analyses also revealed that taurine promoted apoptosis, as evidenced by an increase in cleaved 
caspase-3, accompanied by upregulation of p53. Additionally, taurine increased LC3B and Beclin 1 expression, 
which are typical autophagy markers. The present study demonstrated taurine-mediated tumor growth sup-
pression. Therefore, taurine may be a novel preventive strategy for NPC.   

1. Introduction 

Nasopharyngeal carcinoma (NPC) is a distinct type of head and neck 
malignancy. Although NPC incidence in Western countries is only 0.4 
cases per 100,000 people per year (Chen et al., 2019), it is markedly 
higher in the southern regions of China at 14–25 cases per 100,000 
people per year (Chang et al., 2021). Radiotherapy and chemotherapy 
have improved the prognosis of NPC; however, the five-year overall 
survival rate of patients with advanced NPC remains at approximately 

60 % (Chen et al., 2019; Leung et al., 2006). Therefore, novel preventive 
or therapeutic strategies for NPC are urgently required. 

Taurine (2-aminoethane-sulfonic acid) is a sulfur-containing amino 
acid lacking a carboxyl group and is found in millimolar concentrations 
in most mammalian tissues (Schuller-Levis and Park, 2003). Although 
humans can synthesize taurine endogenously, they depend on their diet 
for taurine production (Yamori et al., 2010), which is mostly found in 
seafood. Taurine has several physiological functions, including anti-
oxidation, antiinflammation, bile salt conjugation, osmoregulation, 
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membrane stabilization, cell volume regulation, and autophagy induc-
tion (Kim and Cha, 2014; Lambert, 2004; Lambert et al., 2008; Lang 
et al., 2003; Schuller-Levis and Park, 2003). Taurine has been reported 
to have anticancer effects in certain types of cancer cells by regulating 
apoptosis-related molecules (Surarak et al., 2021; Tu et al., 2018; Zhang 
et al., 2014), improving antiinflammation and antioxidant capacities 
(Kim et al., 2017; Ma et al., 2022; Wang et al., 2020), and regulating 
immunity (Ibrahim et al., 2018; Maher et al., 2005). We also previously 
reported the apoptosis-inducing effect of taurine in NPC cells in vitro by 
flow cytometry and upregulation of cleaved caspase-3 and -9 by Western 
blot analysis (He et al., 2018) and immunocytochemistry (ICC) (He 
et al., 2019). However, the effects of taurine on NPC cell growth in vivo 
have not yet been thoroughly elucidated. 

Autophagy is a catabolic process by which cellular material is 
delivered to lysosomes for degradation, leading to basal turnover of cell 
components and providing energy and macromolecular precursors 
(Levy et al., 2017). Autophagy plays a pivotal role in the metabolism of 
both normal and cancerous cells. Additionally, Beclin 1, an 
autophagy-associated protein, functions as a tumor suppressor by 
regulating p53 levels (Liu et al., 2011). LC3B is a known marker for 
assessing autophagy. During autophagy, the cytosolic form of LC3B 
(LC3B-I) is conjugated to phosphatidylethanolamine to form LC3B-II, 
which localizes to the autophagosome (Kabeya et al., 2000). Although 
autophagy suppresses cancer growth in some contexts (Levy et al., 2017; 
Yue et al., 2003), its role in cancer, including NPC, remains unclear. 

In this study, we found that taurine upregulated both Beclin 1 and 
p53 in NPC cells in vitro, and upregulated autophagy, as detected by 
Western blotting and ICC, as well as apoptosis, as previously reported 
(He et al., 2019). Subsequently, we investigated the effect of taurine on 
NPC tumor growth in vivo using a nude mouse model bearing NPC cell 
xenografts, and analyzed apoptosis- and autophagy-related molecules 
using an immunohistochemical (IHC) approach. 

2. Materials and methods 

2.1. Cell culture 

The human NPC cell line (HK1-EBV) was a kind gift from Professor 
Sai-Wah Tsao (Hong Kong University) (Huang et al., 1980; Lo et al., 
2006). The HK1-EBV cell line has been authenticated using short tandem 
repeat profiling within the last three years. The cells were cultured in 
RPMI 1640 medium (Thermo Fisher Scientific Inc., Waltham, MA, USA) 
supplemented with 10 % fetal bovine serum (Thermo Fisher Scientific 
Inc.), 100 U/ml penicillin, and 100 µg/ml streptomycin (Thermo Fisher 
Scientific Inc.) at 37 ◦C in a 5 % CO2 incubator. Our previous study (He 
et al., 2018) showed that treatment with taurine at 32 mM for 48 h most 
effectively suppressed NPC cell proliferation in vitro. Therefore, we 
treated NPC cells in vitro under the same conditions. 

2.2. Western blot analyses 

After treatment with taurine, the cells were lysed using RIPA buffer 
(Cell Signaling Technology Inc., Danvers, MA, USA) supplemented with 
phenylmethylsulfonyl fluoride (Nacalai Tesque Inc.). Equal amounts of 
protein were separated by SDS-PAGE and transferred to polyvinylidene 
fluoride membranes (0.45 µm, Merck, Darmstadt, Germany). The 
membranes were blocked with Tris-buffered saline containing 0.1 % (v/ 
v) Tween-20 (Nacalai Tesque Inc.) (TBST) and 5 % (w/v) skimmed milk 
(Becton Dickinson, Franklin Lakes, NJ, USA; cat. no. 232100), and 
incubated overnight at 4 ◦C with primary antibodies: Beclin 1 (rabbit 
IgG; Abcam plc, Cambridge, UK; cat. no. ab62557, 1:2000), p53 (mouse 
IgG2a, Merck; cat. no. OP43, 1:1000), LC3B (mouse IgG2b; Cell 
Signaling Technology Inc., cat. no. 83506s, 1:1000) and GAPDH (mouse 
IgG1, Santa Cruz Biotechnology, Inc., Dallas, TX, USA; cat. no., sc- 
47724, 1:3000). After washing with TBST, the membranes were incu-
bated with horseradish peroxidase (HRP)-conjugated secondary 

antibodies (1:2000, Cell Signaling Technology Inc.; cat. no. 5127S, 
7076S) for 1 h at 25 ◦C and finally developed using an electro-
chemiluminescence system (GE Healthcare, Little Chalfont, UK). Protein 
bands were detected using an AMERSHAM ImageQuant 800 (Cytiva, 
Tokyo, Japan), and band intensities of Western blots were quantitatively 
measured by calculating integrated grayscale densities in consistently 
sized windows incorporating each band using the ImageJ software (ver. 
1.53e; National Institutes of Health, Bethesda, MD, USA). All experi-
ments were performed in quadruplicate. 

2.3. ICC analyses 

Cells were harvested by trypsin, fixed on slides with 4 % (v/v) 
formaldehyde in phosphate-buffered saline (PBS) for 10 min at room 
temperature after treatment with taurine, and washed thrice with PBS. 
The cells were treated with 1 % (v/v) Triton X-100 (Nacalai Tesque Inc.) 
for 10 min and then incubated with 1 % (w/v) skim milk (Becton 
Dickinson) for 15 min at room temperature. ICC was performed by in-
cubation with the following primary antibodies overnight at 25 ◦C: 
Beclin 1 (rabbit IgG, Abcam plc, cat. no. ab62557, 1:200), p53 (mouse 
IgG2a, Merck; cat. no. OP43, 1:200), and LC3B (mouse IgG2b; Cell 
Signaling Technology Inc., cat. no. 83506s, 1:200). After washing with 
PBS, the cells were incubated with the fluorescent secondary antibody, 
Alexa Fluor 488-labeled goat anti-mouse IgG (1:400, Thermo Fisher 
Scientific Inc.; cat. no. A-11001) or Alexa Fluor 594-labeled goat anti- 
rabbit IgG (1:400, Thermo Fisher Scientific Inc.; cat. no. A-11012) at 
25 ◦C for 2 h. Nuclei were stained with DAPI (Southern Biotech, Bir-
mingham, AL, USA), and all the images were obtained under a fluores-
cence microscope (BX53, Olympus, Tokyo, Japan), an Olympus DP74 
camera, and the cellSens Standard software at magnification x200. The 
immunofluorescence intensities for Beclin 1 and p53 were evaluated in 
six different areas of each slide using ImageJ software (ver. 1.53e), and 
the immunofluorescence intensity ratio was calculated in comparison to 
that of the nuclear staining of DAPI, as a reference for the adjustment of 
cell number. Autophagosome (LC3B dots)-positive cells were detected in 
six different areas of each slide and counted by two researchers, 
including one histopathologist. The proportion of the number of 
autophagosome-positive cells to the total number of cells was evaluated 
for the adjustment of cell number. To confirm autophagosomes, images 
were obtained under a confocal laser scanning microscope (FV1000, 
Olympus), an Olympus DP74 camera, and cellSens Standard software at 
magnification x1200. 

2.4. Establishment of a nude mouse model bearing NPC cell xenograft 

Four-week-old male nude mice (BALB/c athymic nu/nu mice) were 
purchased from Japan SLC, Inc. (Hamamatsu, Japan). All animal pro-
tocols were approved by the Committee of the Animal Center of Mie 
University, Mie, Japan (approval no. 26–19-sai3). The mice were 
acclimated for 1 week with tap water and a pelleted diet ad libitum 
before the start of the experiment. They were housed under controlled 
conditions of humidity (50 ± 10 %), light (12/12 h light and dark cycle), 
and temperature (22 ± 2 ◦C). 

1.5 × 106 HK1-EBV cells were subcutaneously transplanted into the 
right flank of nude mice (n = 12, 5-week-old, body weight; average 16.3 
g, standard deviation [SD], 0.6 g). Five days after transplantation, when 
the diameter of the tumors reached 2–3 mm, the mice were randomly 
divided into two groups (n = 6 per group): i) control group, adminis-
tered distilled water ad libitum; ii) taurine-treated group, administered 
0.5 % (w/v) taurine (Nacalai Tesque Inc.) dissolved in distilled water ad 
libitum (day 1). The sample size was determined according to the method 
reported by Charan and Kantharia (Charan and Kantharia, 2013) using 
tumor weight as the primary outcome. Tumor size was measured with a 
caliper (model 530–312; range 0–150 mm; Mitutoyo, Kawasaki, Japan) 
every three days after randomization. Based on the method described by 
Tu et al. (Tu et al., 2018), tumor volumes were calculated as follows: 
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tumor volume (mm3) = 1/2 × a × b2 (where a is the longer arm and b is 
the shorter arm). The mice were euthanized on day 13 after randomi-
zation and the tumors were resected, photographed, and weighed. 

2.5. IHC analyses 

Immediately after photographing and weighing, the tumor tissue 
samples were fixed with 4 % (v/v) formaldehyde in phosphate-buffered 

saline for one day. Following dehydration and paraffin infiltration, 
samples were embedded in paraffin blocks. Then, the blocks were 
sectioned to 5 µm thickness using Leica Microsystem (Wetzler, Ger-
many) using routine protocols and heated at 40 ◦C for 48 h. Paraffin- 
embedded sections were deparaffinized in xylene and rehydrated in 
serial alcohol solutions. Antigen retrieval was performed in 5 % (w/v) 
urea by boiling the samples for 5 min in a microwave oven (500 W). 
Following epitope retrieval, endogenous peroxidases were inactivated 

Fig. 1. Effects of taurine on NPC cells in vitro. 
HK1-EBV cells were treated with taurine at 
32 mM for 48 h. (a) Western blot analyses and 
immunofluorescence staining of cells against 
Beclin 1 and p53. Double immunofluorescence 
staining of the cells shows the co-expression of 
Beclin 1 and p53 in the control cells and 
taurine-treated cells. Images in the insets are 
enlarged pictures. For immunofluorescence an-
alyses, graphs represent the average and SD 
(bar) of immunofluorescence intensity ratio 
between target and DAPI. Scale bars, 100 µm. 
(b) Western blot analyses and immunofluores-
cence staining of cells against LC3B. Arrow-
heads indicate LC3B-dots positive cells. For 
immunofluorescence analyses, graph represents 
the average and SD (bar) of the proportion of 
the number of autophagosome-positive cells to 
the total number of cells. Scale bars, 100 µm. 
All experiments of Western blot were performed 
in quadruplicate. GAPDH was used as a loading 
control. Graphs represent the average and SD 
(bar) of the band intensity ratio between target 
and GAPDH. *, p < 0.05; **, p < 0.01 between 
control and taurine-treated cells. (c) Autopha-
gosomes in the LC3B-dots positive cells 
observed by laser confocal microscopy. Scale 
bar, 10 µm.   
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using 1 % (v/v) H2O2 at 25 ◦C for 15 min. The sections were blocked 
with 1 % (w/v) skimmed milk (Becton Dickinson) for 20 min. Sections 
were then incubated with following primary antibodies at 25 ◦C over-
night: macrophage migration inhibitory factor (MIF) (rabbit IgG, kind 
gift from Dr. Takuma Kato, Mie University, as previously reported 
(Ohkawara et al., 2002), 1:200), taurine transporter (TAUT) (mouse 
IgG1, Santa Cruz Biotechnology Inc.; cat. no. sc-393036, 1:200), taurine 
(rabbit IgG, 1:150) produced by Ma et al., as previously reported (Ma 
et al., 1994), cleaved caspase-3 (rabbit IgG, Cell Signaling Technology 
Inc.; cat. no. 9661s, 1:200), Bcl-xL (rabbit IgG; Cell Signaling Technol-
ogy Inc., cat. no. 2764s, 1:200), p53 (mouse IgG2a; Merck, cat. no. 
OP43, 1:200), phosphatase and tensin homolog (PTEN) (rabbit IgG, Cell 
Signaling Technology Inc.; cat. no. 9188s, 1:200), LC3B (mouse IgG2b; 
Cell Signaling Technology Inc., cat. no. 83506s, 1:200), Beclin 1 (rabbit 
IgG, Abcam plc; cat. no. ab62557, 1:200), transcription factor EB (TFEB) 
(rabbit IgG, Cell Signaling Technology Inc.; cat. no. 37785s, 1:200), 
phospho- (p-) extracellular signal-related kinase 1 and 2 (ERK1/2) 
(rabbit IgG, Cell Signaling Technology Inc.; cat. no. 4370s, 1:200) and 

p-4E-BP1 (rabbit IgG, Cell Signaling Technology Inc., cat. no. 2855s, 
1:200). After washing with PBS, they were incubated with biotinylated 
secondary antibodies (Vector Laboratories, Burlingame, CA, USA) at 
25 ◦C for 1 h. The immunocomplexes were visualized using a peroxidase 
stain DAB kit (Nacalai Tesque, Inc.), according to the manufacturer’s 
instructions. Nuclei were counterstained with hematoxylin. To evaluate 
the immunohistochemical specificity, we set a negative control section 
by staining without the primary antibody for each IHC scoring. All im-
ages were obtained under a microscope (BX53, Olympus), an Olympus 
DP74 camera, and cellSens Standard software at a magnification of 
x200. 

França et al. (França et al., 2013) reported that head and neck 
squamous carcinoma cells tested positive for MIF and consistently 
expressed MIF, independent of their location. Hence, we defined the 
areas positive for MIF as the tumor parenchyma of the tumor tissue 
samples. For localization of the tumor cells, neighboring sections for 
hematoxylin and eosin staining were used to confirm the MIF-positive 
area (Supplementary Figure S1). The MIF-positive area coincident 

Fig. 2. Effects of taurine on tumor growth in nude mouse xenografts. (a) Experimental protocol. (b) Body weight of mice. (c) Growth curve of tumors (volume) in 
nude mice bearing HK1-EBV cell xenografts. (d) Resected tumors and the tumor weight of the xenografts of HK1-EBV cells from nude mice drinking water (control) 
and 0.5 % taurine (treated). Scale bar, 10 mm. Graphs represent the average and SD (bar). *, p < 0.05; **, p < 0.01 between control and taurine-treated groups. 
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with the tumor parenchyma in the sections was determined by two in-
vestigators, including one histopathologist, and measured using ImageJ 
software (ver. 1.53e), using a freehand selection tool. 

Semi-quantitative analyses were performed by grading the staining 
intensity with an IHC score of 0–4 by two investigators, including one 
histopathologist, as follows: no staining (0), weak staining (1 +), mod-
erate staining (2 +), strong staining (3 +), and very strong staining (4 +) 
in sections with IHC staining of TAUT, taurine, cleaved caspase-3, Bcl- 
xL, p53, PTEN, LC3B, Beclin 1, TFEB, p-ERK1/2, and p-4E-BP1, by 
focusing on the areas assessed as cancer nests. Each antigen was stained 
at least thrice in each group. Images were obtained from three fields in 
each section for analysis. 

2.6. Statistical analyses 

Comparisons of data between the two groups were performed by 
Student’s t-test using GraphPad Prism 6 software (GraphPad Software 
Inc., San Diego, CA, USA). Statistical significance was set at P < 0.05. 

3. Results 

3.1. Taurine upregulates Beclin 1 and p53 expressions in HK1-EBV cells 
with the upregulation of autophagy in vitro 

To assess the effect of taurine on Beclin 1 and p53 expressions in NPC 
cells in vitro, the expression of Beclin 1 and p53 was investigated by 
Western blotting and ICC analyses. Western blot analyses showed that 

treating HK1-EBV cells with taurine induced a significant increase in the 
Beclin 1 and p53 levels (Fig. 1a, upper panel; Beclin 1, p = 0.0084; p53, 
p = 0.0475). ICC analyses also showed a significant increase in the levels 
of Beclin 1 (red) and p53 (green) in the taurine-treated cells (merged, 
Fig. 1a, lower panel; Beclin 1, p < 0.0001; p53, p = 0.0003). Further-
more, treatment with taurine significantly increased the levels of LC3B- 
II (Fig. 1b, upper panel; p = 0.0360) and the proportion of autophago-
some (LC3B dots)-positive cells (Fig. 1b, lower panel; p = 0.0021). Laser 
confocal microscopy confirmed the presence of autophagosomes in NPC 
cells (Fig. 1c). 

3.2. Taurine suppresses tumor growth of NPC cells in a nude mouse 
xenograft model 

NPC cell xenografts were induced in nude mice by subcutaneous 
transplantation of HK1-EBV cells, followed by drinking distilled water or 
0.5 % taurine ad libitum (Fig. 2a). All mice were alive at the end of the 
experiment. There was no significant difference in mouse body weight 
between the control group and the treated group at any time point 
(Fig. 2b). The tumor volume in the mice increased gradually, but the 
taurine treatment caused slower tumor growth than that in the control 
group (Fig. 2c, day 10, p = 0.0482; day 13, p = 0.0045). At the end of 
the experiment (day 13), the tumors were resected, and the average 
tumor weight was significantly lower in the taurine-treated group than 
that in the control group (Fig. 2d, p = 0.0054). 

Fig. 3. Effects of taurine on MIF-positive area, TAUT, and taurine in xenograft tumor tissues. Immunoreactivities of MIF, TAUT, and taurine were assessed using an 
avidin-biotin kit with peroxidase-based detection (brown). Nuclei were counterstained with hematoxylin. Graph represents the average proportion and SD (bar) of 
the MIF-positive area to the total area. Graphs represent the average score and SD (bar) for TAUT and taurine. *, p < 0.05; **, p < 0.01 between control and taurine- 
treated groups. Scale bar, 100 µm. 
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3.3. MIF-positive areas are decreased and Taurine and TAUT levels are 
increased in tumor xenografts of nude mice by taurine administration 

IHC analysis (Fig. 3) revealed a notable decrease in MIF-positive 
areas, designated as NPC cancer nests, in the taurine-treated group 
compared with that in the control group (p = 0.0015). Furthermore, we 
found that TAUT was significantly upregulated (p = 0.0035), and the 
staining intensity for taurine was markedly increased (p < 0.0001) in 
the tumor tissues of the taurine-treated group compared to that in the 
control group (Fig. 3). 

3.4. Taurine affects apoptosis-related molecules in xenograft tumor 
tissues 

The staining scores for cleaved caspase-3 were significantly higher in 
tumor tissues from the taurine-treated group (Fig. 4a, p = 0.0024). The 

antiapoptotic molecule Bcl-xL was significantly downregulated in the 
taurine-treated group compared with that in the control group (Fig. 4a, 
p = 0.0101). The present study also showed significantly higher 
expression levels of p53 (p = 0.0296) and PTEN (p = 0.0107) in xeno-
graft tumor tissues of taurine-treated nude mice (Fig. 4b). 

3.5. Taurine upregulates autophagy-associated proteins with upregulation 
of TFEB, a master autophagy regulator, and downregulation of ERK1/2 in 
xenograft tumor tissues 

We performed semiquantitative analyses of autophagy-associated 
molecules. LC3B, an autophagy marker, is required for the expansion 
and completion of autophagic membranes (Barth et al., 2010), and 
Beclin 1 is an important autophagy component (Yue et al., 2003). The 
expression levels of LC3B (p = 0.0346) and Beclin 1 (p = 0.0165) were 
significantly increased in xenograft tumor tissues of the taurine-treated 

Fig. 4. Effects of taurine on apoptosis-related molecules in xenograft tumor tissues. Immunohistochemical staining of (a) cleaved caspase-3 and Bcl-xL, (b) p53, and 
PTEN. Graphs represent the average score and SD (bar) for cleaved caspase-3, Bcl-xL, p53, and PTEN. Cleaved caspase-3 positive cells are indicated by black arrows. 
*, p < 0.05; **, p < 0.01 between control and taurine-treated groups. Scale bars, 100 µm. 
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group (Fig. 5a). 
TFEB is a master autophagy regulator and activates Beclin 1 and 

LC3B (Bahrami et al., 2020). The TFEB expression level (p < 0.0001) 
was also significantly increased in xenograft tumor tissues of the 
taurine-treated group (Fig. 5b). TFEB is negatively regulated by several 

kinase pathways including ERK1/2 and the mechanistic target of rapa-
mycin protein kinase complex 1 (mTORC1) (Settembre et al., 2011). 
Hence, we investigated the levels of phosphorylated substrates of the 
kinase pathway (p-ERK1/2, and a substrate of mTORC1, p-4E-BP1). The 
p-ERK1/2 level significantly decreased (p = 0.0014), whereas there was 

Fig. 5. Effects of taurine on autophagy-related proteins and modulators in xenograft tumor tissues. Immunohistochemical staining of (a) autophagy-related proteins 
LC3B and Beclin 1, and (b) modulators of autophagy, TFEB, p-ERK1/2, and p-4E-BP1. Graphs represent the average score and SD (bar) for LC3B, Beclin 1, TFEB, p- 
ERK1/2, and p-4E-BP1. * , p < 0.05; * *, p < 0.01 between control and taurine-treated groups. Scale bars, 100 µm. 
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no significant difference in the p-4E-BP1 expression levels (p = 0.3628, 
Fig. 5b). Likewise, Western blot analyses showed that treating NPC cells 
with taurine downregulated the p-ERK1/2 expression level without 
affecting p-4E-BP1 in vitro (Supplementary Figure S2). 

4. Discussion 

In this in vitro study, taurine upregulated both Beclin 1 and p53 in 
NPC cells and concurrently upregulated autophagy. Additionally, the 
present in vivo study demonstrated higher levels of both Beclin 1 and p53 
in the taurine-treated group, with higher LC3B and cleaved caspase-3 
staining scores. The antitumor effects of taurine on apoptosis have 
been reported in some types of cancer cells, such as glioblastoma, lung 
cancer, and colon cancer in vitro (Surarak et al., 2021; Tu et al., 2018; 
Zhang et al., 2014), and the authors suggested the involvement of p53. A 
recent report (Kaneko et al., 2018) showed that taurine treatment acti-
vates autophagy in adipocytes. Although the role of autophagy in anti-
cancer effects remains controversial, Beclin 1, which is crucial for 
phagophore formation initiation in the autophagy process, has been 
previously characterized as a tumor suppressor in mammalian cells (Yue 
et al., 2003). Furthermore, Liu et al. reported that Beclin 1 upregulates 
p53 and functions as a tumor suppressor (Liu et al., 2011). Our results 
and the literature suggest that taurine may induce autophagy and 
apoptosis in cancer cells, including NPC, via Beclin 1 and p53 
upregulation. 

In our in vivo study, we set the optimal concentration of 0.5 % taurine 
in drinking water (approximately 40 mM), which was similar to the 
effective dose (32 mM) in vitro. Taurine is now used as a preventive or 
therapeutic agent for the recurrence of stroke-like episodes in mito-
chondrial diseases, mitochondrial myopathy, encephalopathy, lactic 
acidosis, and stroke-like episodes (MELAS), by oral supplementation 
(12 g/day) from the results of clinical trials (Ohsawa et al., 2019). This 
therapeutic dose of taurine is approximately 0.2–0.3 g/kg/day. In this 
study, 0.5 % taurine in drinking water was estimated as 0.4 g/kg/day. 
Therefore, the dose used in the animal experiments was relevant to the 
therapeutic dose. The present in vivo study confirmed the antitumor 
effect of taurine on the tumor growth of NPC cell xenografts in a nude 
mouse model. These observations suggest that taurine can be ingested 
via drinking and can affect NPC xenograft tumors in nude mice. This 
result is supported by our previous study, which showed that taurine 
dose-dependently inhibited cell proliferation in NPC cells in vitro (He 
et al., 2018). Interestingly, in xenograft tumor tissues treated with 
taurine, the expression of TAUT and the amount of taurine were 
significantly increased. Zhang et al. reported elevated intracellular 
taurine levels and upregulation of TAUT expression in cardiac tissues of 
taurine-treated acute myocardial ischemia model rats (Zhang et al., 
2013). To the best of our knowledge, this is the first report to show that 
taurine treatment increases TAUT expression and results in higher 
taurine levels in tumor tissues in vivo. This may contribute to the anti-
cancer effect of taurine at this dose, which is considered therapeutically 
relevant. 

The present in vivo study demonstrated that taurine upregulated 
PTEN and p53, along with an increase in cleaved caspase-3 and a 
decrease in the antiapoptotic protein Bcl-xL levels in tumor tissues with 
a reduction in tumor growth. Our previous in vitro study also showed 
that taurine induced apoptosis in NPC cells via the PTEN and p53 
signaling pathways (He et al., 2018). These results suggest that taurine 
induces apoptosis in transplanted NPC cells in vivo, similar to previous 
observations in NPC cells in vitro. Interestingly, taurine reduced the 
viability and induced apoptosis of NPC cells, but did not affect normal 
human nasopharyngeal epithelial NP460 cells (He et al., 2018). The 
present study showed no adverse effects of taurine on nude mice based 
on changes in body weight. These results suggest that taurine could 
serve as a potential chemopreventive agent. 

We first demonstrated that taurine upregulated autophagy- 
associated proteins in NPC tissues, as evidenced by increased LC3B 

and Beclin 1 levels, and further showed that taurine downregulated the 
p-ERK1/2 expression level and upregulated the TFEB expression level 
without affecting the mTORC1 substrate, p-4E-BP1. We also confirmed 
that taurine treatment under the same condition downregulated the p- 
ERK1/2 expression level without affecting p-4E-BP1 in NPC cells in vitro 
by Western blot analyses. These results are consistent with those re-
ported by Kaneko et al. (Kaneko et al., 2018), who showed that taurine 
activated autophagy via TFEB upregulation and downregulation of the 
mitogen-activated protein kinase (MAPK)/ERK signaling pathway 
without affecting the mTORC1 signaling pathway in the adipocyte cell 
line 3T3-L1. From these results and the literature, we envision that 
increased taurine in the tumor tissues may upregulate the autophagic 
regulator Beclin 1, which may increase p53 levels, leading to the in-
duction of autophagy and apoptosis in the tumor tissues. However, IHC 
analyses were insufficient to manipulate the pathways underlying 
taurine-induced anticancer mechanisms. Further studies are needed to 
clarify the pathways involved in the induction of autophagy and 
apoptosis in cancer. 

5. Conclusions 

The present study demonstrated that taurine induced upregulation of 
Beclin 1 and p53 in NPC cells in vitro and in vivo, and suppressed tumor 
growth in nude mouse xenografts of NPC cells. Taurine may have an 
anticancer effect via upregulation of Beclin1 and p53, with the induction 
of autophagy and apoptosis. Taurine may be a promising chemo-
preventive and/or therapeutic agent for NPC. 
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Methods

Supplementary Figure S1. To confirm the tumor cells, and exclude nonspecific

staining in necrotic tissues, we compared MIF-positive area and hematoxylin and eosin

staining of the neighboring section. The MIF-positive area coincident with tumor

parenchyma in the sections were determined by two investigators, including one

histopathologist, and measured using ImageJ software (ver. 1.53e) by freehand selection

tool, as described in “2.5. IHC analyses”.

Supplementary Figure S2. Western blot analyses were performed, using primary

antibodies; phospho-extracellular signal-related kinase 1 and 2 (ERK1/2) (rabbit IgG, Cell

Signaling Technology Inc.; cat. no. 4370s, 1:1000) and phospho-4E-BP1 (rabbit IgG, Cell

Signaling Technology Inc.; cat. no. 2855s, 1:1000), as described in “2.2. Western blot

analyses”.
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Supplementary Figure S1.  Hematoxylin and eosin staining and 
immunohistochemical staining by MIF using neighboring sections. 
Scale bar, 100 μm.
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Supplementary figure S2. Effects of taurine on phospho-ERK1/2 in NPC cells. Western blot 
against phospho-ERK1/2 and phospho-4E-BP1. HK1-EBV cells were treated with 32 mM taurine 
for 48 h. Western blot was performed in quadruplicate. GAPDH was used as a loading control. 
Graphs represent the average and SD (bar) of the band intensity ratio between target and GAPDH.
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